To compare the pharmacokinetics, safety, tolerability and immunogenicity of FKB327, a biosimilar of adalimumab, with European Union (EU)-approved Humira and US-licensed Humira after single subcutaneous doses in healthy subjects.
Introduction
Adalimumab is a recombinant human monoclonal antibody against human tumour necrosis factor-α (TNF-α). Adalimumab was first approved for the treatment of rheumatoid arthritis in December 2002 in the USA [3, 4] and in September 2003 in the European Union (EU) [5] , and was subsequently launched globally under the brand name Humira. Humira has proved to be a safe and effective treatment for patients with various autoimmune diseases [6] . Protection of the active ingredient by patents will end shortly, which will allow the marketing of competing products that contain the same monoclonal antibody as the reference drug [7] [8] [9] [10] [11] , provided that other patents (such as those covering manufacture and formulation) are not infringed. Such competing products are known as 'biosimilar' medicines. Generic drugs of chemical origin have structurally identical active substances to the lead product; they generally require demonstrated equivalence of only pharmacokinetics to gain marketing approval. However, for biosimilar drugs, the potential structural differences in the active substance, which result from the biological manufacturing process, require additional equivalence studies prior to marketing, including efficacy studies in patients [11] .
FKB327 is being developed as a medicine that may prove to be biosimilar to Humira. FKB327, like Humira, contains adalimumab that is expressed in and purified from Chinese hamster ovary cells. The strength of FKB327 is the same as that of the Humira dosage form that was originally approved (40 mg adalimumab per 0.8 mL deliverable solution). Both FKB327 and Humira are formulated such that their pH is around pH 5.2, but they contain different excipients, buffers and stabilizer.
We recently completed a study of the first administration of FKB327 to healthy human subjects. The pharmacokinetics, safety, tolerability and immunogenicity of FKB327 were compared with those of EU-approved Humira (EU-Humira) and US-licensed Humira (US-Humira). This study is the first step in the clinical development process required to obtain marketing approval of this biosimilar product.
Methods
This study was done at Hammersmith Medicines Research, a clinical pharmacology unit in the UK, in accordance with the prevailing EU directives and International Conference on Harmonisation Good Clinical Practice. After review of the safety profile of adalimumab, and the safety record of monoclonal antibody studies in healthy subjects, we considered it acceptable to do the study [6, [12] [13] [14] [15] . The study was not started until it had received approval from the Medicines and Healthcare products Regulatory Agency (MHRA; EudraCT number: 2012-005140-23), and Scotland A Research Ethics Committee (reference number: 12/SS/0220). Subjects gave written, informed consent. The trial was conducted between April and November 2013.
Objectives
The primary objective was to compare the safety and pharmacokinetics of FKB327, EU-Humira and US-Humira after single doses, by subcutaneous injection, in healthy humans.
The secondary objective was to assess immunogenicity and tolerability.
Subjects
To be eligible for the study, subjects had to be of age 18-65 years, weight 60-90 kg, and body mass index 18-30 kg m -2 . Subjects were excluded if they had previously received adalimumab, but were not excluded if they had received a different therapeutic monoclonal antibody. There were 180 healthy men and women enrolled in the study. All women were of nonchildbearing potential. All subjects gave written consent after being informed about the study and its potential risks. They were deemed healthy after assessment of medical history and a medical examination that included vital signs, electrocardiography (ECG) and routine laboratory safety tests. Subjects were also tested for drugs of abuse and pregnancy (women only) prior to the start of the study. During the study, strenuous exercise, alcohol, caffeine and concomitant medication (other than paracetamol) were restricted. Smoking was not allowed during periods of residence and for 24 h prior to visits; at other times during the study, up to five cigarettes daily were allowed.
Design
This was a randomized, double-blind, parallel-group study in healthy subjects, to compare the pharmacokinetics, safety, tolerability and immunogenicity of single doses of subcutaneously administered FKB327 with Humira from two regions. Subjects were assigned to receive 40 mg of either EU-Humira, US-Humira or FKB327, in a 1:1:1 ratio (60 subjects to receive each treatment).
As FKB327 had not previously been administered to humans, the first 12 subjects to be dosed were split into three subgroups of three, three and six participants, with at least 7 days between dosing of the first two subgroups; the final subgroup was dosed after at least a further 2 days. The three treatments were randomized in a 1:1:1 ratio within each subgroup. The remaining subjects were randomized in a 1:1:1 ratio stratified by weight (using two strata of ≤75 kg and >75 kg).
Subjects were screened within 4 weeks prior to their dose of adalimumab. Subjects were resident in the ward from the morning prior to dosing until 8 days afterwards. They returned for outpatient visits about 15, 22, 29, 36, 43, 50 and 64 days after their dose.
Assessments
Blood samples for pharmacokinetic analysis were taken prior to dosing and at 4, 12, 24, 36, 48, 72, 96, 120, 144, 168, 192, 360, 528, 696, 864, 1032 , 1200 and 1536 h afterwards. Serum concentrations of adalimumab were determined using a validated immunoassay on an electrochemiluminescent (ECL) platform using 96-well Meso Scale Discovery (MSD) high-bind plates coated with TNF-α. The lower limit of reliable quantification was 100 ng ml -1 .
Safety assessments were done prior to dosing and regularly until the subject's final visit. Assessments included: vital signs (heart rate, blood pressure, respiration rate, and oral temperature), 12-lead ECG, and laboratory safety tests of blood and urine. In addition, ECG telemetry was done for 4 h after dosing.
Tolerability assessments included: local tolerability checks at the injection site immediately after dosing and at 12, 24, 48, 72, 96 and 192 h after dosing, and visual analogue scales for pain (0 = no pain; 100 = intolerable pain) immediately after dosing and at 0.5, 1, 12 and 24 h after dosing, using standard methods described elsewhere [16, 17] .
Blood samples for assessment of immunogenicity were taken prior to dosing and at 360, 696 and 1536 h afterwards. Immunogenicity [i.e. presence of anti-drug antibodies (ADA) to adalimumab] was determined by a validated immunoassay on an ECL platform using MSD plates to detect ADA against adalimumab in the form of FKB327, EU-Humira, and US-Humira. The confirmation of specificity of the three assays for FKB327, EU-Humira and US-Humira used a floating cut-off point of 28.5-35.7% inhibition. Titres were classified as: negative; below the lower limit of reliable quantification; 1, 4, 16, 64, 256, 1024, 4096 or 16 384; or above the upper limit of reliable quantification.
The neutralizing capability of ADA was assessed using MSD plates on an ECL platform to assess the ability of serum samples to block the binding of ruthenylated adalimumab to TNF-α immobilized on the assay plate. When applicable, neutralizing ADA results for all three investigational drugs were reported with annotations stating that the circulating drug concentrations exceeded the drug tolerance limits of the assays (> 500 ng ml -1 ). Samples analysed in the presence of drug concentrations above the tolerance limits of the assays made the results inconclusive. Samples that tested negative in the ECL immunoassay were not tested for neutralizing ADA.
Sample size and statistical methods
Sample size calculations were done using nQuery Advisor 7.0, assuming that the pharmacokinetic parameters AUC 0-t (area under concentration-time curve up to last nonzero value), AUC 0-∞ (area under concentration-time curve extrapolated to infinity) and C max (peak serum concentration) were the primary endpoints. The coefficient of variation of pharmacokinetic parameters was predicted to be 35% on the basis of data obtained in healthy volunteer studies and published by the US Food & Drug Administration [18] . In total, 180 subjects (60 per treatment arm) had to complete the study to achieve 94% power so that the 90% confidence intervals (CI) for the ratio of geometric means fell within the acceptance criterion of (0.80, 1.25), for each FKB327:Humira comparison, and for the EU-Humira:US-Humira comparison, assuming no difference existed. As there were three treatment comparisons, the overall power was lower than 94%, but not significantly so, as the three equivalence tests are highly correlated. Pharmacokinetic data underwent formal statistical analysis, to test whether the main parameters met the equivalence criteria. The primary hypothesis was that FKB327 had similar pharmacokinetics to both EU-Humira and USHumira, and that EU-Humira and US-Humira were similar to one another, based on equivalence analysis of the geometric means of AUC 0-t , AUC 0-∞ and C max . The secondary hypothesis was equivalence of AUC 0-360h (area under concentration-time curve up to 360 h) and t ½ (elimination half-life). The pharmacokinetic parameters were logarithmically transformed prior to analysis by analysis of covariance (ANCOVA) which included a term for treatment group. Covariates (age, body weight, body surface area and sex) were retained in the model only if significant at the 10% level. The least squares geometric means were weighted using the average of the demographic terms included in the model.
All other data were summarized using standard descriptive statistics.
Results

Subject disposition and demography
There were 180 subjects (170 men, and 10 women of nonchildbearing potential) enrolled in the study, who received a single subcutaneous injection of FKB327, EU-Humira or US-Humira (60 subjects received each treatment). Demographic data are presented in Table 1 . Overall, subjects were aged 18-64 years, and had a body mass index within the range 18.7-29.4 kg/m 2 , and weighed 60.1-89.4 kg. Most subjects (65%) self-reported as being of White ethnicity; the remaining subjects claimed Black (17.2%), Asian (12.8%) or Other (5.0%) ethnicity. The demographic characteristics of subjects were similar across treatment groups. All subjects completed the study, apart from one in the FKB327 treatment group, who withdrew himself from the study after Day 29, and missed the final four outpatient visits.
Pharmacokinetics
All 180 subjects were included in the pharmacokinetic analysis.
The serum concentration-time profiles of the three adalimumab treatments showed kinetics typical of subcutaneously delivered monoclonal antibodies: serum concentrations peaked several days after dosing (median t max 6-8 days) and t ½ was about 2 weeks. The serum ( Figure 1 and Table S1 ), and were consistent with previous observations [4, 5] . Pharmacokinetic parameters are summarized in Table 2 .
Data from all 180 subjects were included in the ANCOVA. The significant covariates age and body weight were included, but body surface area, which is correlated to body weight, was not significant and was therefore removed from the model. Sex was significant for C max only, so was not included in the model for AUC 0-∞ or AUC 0-t . For the secondary parameters, the covariates were forced to be the same as for the primary AUC parameters. The averages of the demographic terms used for weighting of the least squares geometric means were: weight 74.38 kg, age 32.8 years and (for C max only) male:female ratio 170/10.
For each of the primary parameters (AUC 0-∞ , AUC 0-t , C max ) the 90% CI for the ratio of geometric least squares means from the ANCOVA analysis (Table 3) were within the predefined limits of 0.80-1.25 for all treatment comparisons. Furthermore, the 90% CI for the ratio of all primary parameters encompassed 1.00, with the exception of C max in the FKB327:EU-Humira comparison, where the lower 90% CI was just above 1.00. Based on the ANCOVA, similarity was concluded among the three treatments: FKB327, EU-Humira and US-Humira. For the secondary parameters, AUC 0-360h was equivalent in all three treatment comparisons; t ½ was equivalent for two treatment comparisons, but not FKB327:US-Humira, because the 90% CI extended just below 0.80.
Table 1
Summary of demographic data for each treatment group N, total number of subjects; n, number of subjects per group; BMI, body mass index; SD, standard deviation.
Safety and tolerability
One hundred and ten subjects (61.1%) had at least one adverse event after dosing, but most events were only mild or moderate in severity; 97 subjects (53.9%) experienced adverse events that were considered to be related to adalimumab. Of those, three subjects (1.7%; one in each treatment group) had severe adverse events after dosing: head injury (EU-Humira); dizziness (US-Humira); and loss of consciousness (FKB327). The most common adverse events were headache, upper respiratory tract infection, nasopharyngitis,
Figure 1
Linear (top) and semi-log (bottom) mean serum concentration-time plots of adalimumab after a 40 mg dose for FKB327, EU-Humira and US-Humira Table 2 Primary and secondary pharmacokinetic parameters of adalimumab for FKB327, EU-Humira and US-Humira CV, coefficient of variation; N, total number of subjects; n, total number of subjects per group; C max , peak plasma concentration; t max , time of peak plasma concentration; AUC 0-360h , area under concentration-time curve up to 360 h; AUC 0-t , area under concentration-time curve up to last nonzero value; AUC 0-∞ , area under concentration-time curve extrapolated to infinity; λ z , apparent terminal elimination rate constant; t ½ , elimination half-life. a median (range) b n = 58 c n = 59 FKB327: adalimumab biosimilar oropharyngeal pain and injection site haematoma ( Table 4 ). The adverse event profile was similar across the three treatment groups (Table 4 and Table S2 ). Two subjects had serious adverse events, both of which were considered to be possibly related to adalimumab. One subject in the FKB327 treatment group had transient loss of consciousness (initially reported as seizure), which resolved fully: no definitive diagnosis could be made. One subject in the US-Humira group developed a psychotic disorder, which required admission to hospital and treatment with antipsychotic drugs: resolution was only partial.
Nine subjects had laboratory results of potential clinical importance, after dosing. Of those, low neutrophil count was most common (but was deemed to be related to subjects' race [19] ), followed by deranged liver function tests. None of the laboratory results was of clinical concern: although mean Table 3 Summary of ANCOVA of primary and secondary adalimumab pharmacokinetic parameters: ratio of geometric least squares means with 90% confidence intervals (CI) Table 4 Treatment-emergent adverse events reported by ≥5% of subjects after any treatment N, total number of subjects; n, total number of subjects per group. Treatment-emergent adverse events are those that started or increased in severity after the dosing. Events were coded using Medical Dictionary for Regulatory Activities (MedDRA) version 16.1. Each subject is counted only once within each preferred term. Events are ordered per overall preferred term frequency. a An adverse reaction reported by ≥ 5% of patients in placebo-controlled clinical trials of Humira, which occurred more frequently than placebo neutrophil count decreased slightly from 24 h post dose to Day 30 in all treatment groups, the changes in neutrophil count did not differ among treatment groups. Results of other safety assessments were similar across treatment groups, and no result was of clinical concern.
Injection site pain
Most subjects had no irritation at the injection site (Table 5) . Immediately after dosing, 10 subjects (5.6%) had minimal erythema: most of those were in the EU-(five subjects) and US-(four subjects) Humira treatment groups, and only one was in the FKB327 treatment group. All local tolerability assessments were normal from 12 h after dosing onwards.
Immediately after dosing, subjects had higher scores for injection site pain in the EU-Humira (median 9.5; range 0-48) and US-Humira (median 11.0; range 0-86) treatment groups than did subjects in the FKB327 treatment group (median 1.5; range 0-54), although scores varied widely among subjects (Table 5) . At all other time points, pain scores were similar across treatment groups, with median score of 0, ranging from 0-35 at 0.5 h after dosing to 0-8 at 24 h after dosing.
Immunogenicity and effect on pharmacokinetics
About 5% of subjects had detectable ADA prior to dosing. The proportion of subjects with positive ADA at the last sampling point (1536 h after dosing), when drug concentrations were least likely to interfere with the assay, was similar among treatments: 69.5% for FKB327, 73.3% for EU-Humira, and 70.0% for US-Humira (Table 6 ). The development of ADA specific to FKB327, EU Humira and US-Humira was also similar among treatments, as was the proportion of subjects at each level of ADA titre. In addition, cross reactivity between the three ADA assays was high (i.e. subjects who tested positive for ADA ostensibly specific to their adalimumab treatment also tested positive for ADA specific to the other two adalimumab treatments).
Of the subjects who tested positive for ADA at the last sampling time point, about 83% also tested positive in the neutralizing antibody assay, with a further 10% having inconclusive results owing to interference by adalimumab at concentrations above >500 ng ml -1 . ADA-positive samples that yielded negative or inconclusive results in the neutralizing assay were mainly at low titres of 4 or less. Overall, the proportion of negative, inconclusive and positive neutralizing antibodies was similar among treatments. The effect of ADA activity on adalimumab pharmacokinetics was further investigated. Mean serum concentrations of adalimumab in subjects with low ADA activity (lower quartile: ADA negative), moderate ADA activity (median: ADA titre <256), or high ADA activity (upper quartile: ADA titre ≥256) are presented for each treatment in Figure 2 . Subjects with higher ADA activity showed faster elimination of adalimumab in all treatment groups. To investigate this further, scatter plots of C max , AUC 0-∞ and t ½ in individual subjects vs. ADA titre at the last sampling timepoint (1536 h, or sooner if missing) were prepared and presented separately for each treatment ( Figure S1 ). The plots indicated that, for both AUC 0-∞ and t ½ , high ADA titres were associated with lower AUC 0-∞ and shorter t ½ . However, there did not appear to be a clear relationship between individual C max values and ADA titre.
Discussion
Biosimilarity can be concluded if biological products meet the standard criteria for bioequivalence with respect to their primary pharmacokinetic parameters, and if their safety, tolerability and efficacy are shown to be equivalent [9, 10] . In this study, we sought to confirm in healthy subjects that FKB327 was pharmacokinetically similar to Humira products from two regions. We used a single subcutaneous injection of 40 mg adalimumab because that is the standard therapeutic dose for patients with rheumatoid arthritis, and the risks of administering a single 40 mg dose to healthy subjects were considered acceptable [4, 5, 12] . After 40 mg FKB327, exposure to adalimumab was similar to that after Humira from both the EU and US. ANCOVA of the primary parameters (AUC 0-∞ , AUC 0-t , C max ) demonstrated pharmacokinetic similarity of FKB327 to both Humira products.
The ANCOVA accounts for between-subject variability caused by demographic characteristics such as body weight, and estimates differences at the common mean level that may reduce bias where covariates are not perfectly balanced.
Table 5
Visual analogue scales for pain at the injection site after each adalimumab treatment N, total number of subjects FKB327: adalimumab biosimilar ANCOVA was the pre-specified analysis, and was included in the statistical analysis plan for the study. However, the analysis would have been more conservative had the selected covariates been prespecified based on prior knowledge rather than selected by a step-wise approach. Posthoc analysis of variance (ANOVA) was also done to investigate the robustness of the results. Briefly, basic ANOVA, without baseline covariates, was done assuming equal variance of treatments. The results of the additional analysis are presented in Table  S3 : point estimates are broadly similar to the results of ANCOVA, but the confidence intervals are wider -as might be expected, given that the ANOVA did not take account of demographic variables. However, the analysis of primary pharmacokinetic parameters for the comparison FKB327: US-Humira and EU-Humira:US-Humira confirmed pharmacokinetic similarity, as the 90% CI were still contained within the equivalence range 0.80-1.25. For the primary parameter C max in the FKB327: EU-Humira comparison, the 90% CI derived by ANOVA was wider than that from the corresponding ANCOVA, and the point estimate for the ratio of geometric least squares means was 1.17 by ANOVA vs. 1.13 by ANCOVA. Because of the different point estimates, for C max the upper 90% CI of 1.29 fell just outside the equivalence range (0.80-1.25) in the ANOVA but not in the ANCOVA. However, the other primary parameters, AUC 0-∞ and AUC 0-t , met the equivalence criteria in the ANOVA.
The difference in outcome between ANCOVA and ANOVA analyses was predictable, because ANCOVA included as covariates several important demographic characteristics and so better accounted for differences among treatment groups than did ANOVA. Although the treatment groups were quite well balanced with respect to demography, there were nevertheless differences among groups that might plausibly account for the difference in outcome between ANCOVA and ANOVA, as follows. The EU-Humira group had the highest proportion of women, and the FKB327 group the lowest, and subjects in the EU-Humira group were slightly older, and more variable in age, than the FKB327 group; by accounting for those differences, ANCOVA yielded point estimates closer to unity than did ANOVA. Furthermore, body weight was slightly higher in the EU-Humira group than in the other two groups. Body weight was a significant covariate in the ANCOVA: including it as a covariate yielded narrower confidence intervals than did ANOVA. Indeed, body weight is known to affect the pharmacokinetics of adalimumab [5] , so it was used as a stratification factor in the randomization. Table 6 Frequency of negative and positive tests for antidrug antibodies (ADA, specific to treatment administered) after each adalimumab treatment Planned time (h) FKB327 N = 60 n (%) EU-Humira N = 60 n (%) US-Humira N = 60 n (%) N, total number of subjects; n, number of subjects per group a Based on confirmatory results only; specific to treatment administered
Figure 2
Mean serum concentration-time profiles of adalimumab by antidrug antibody activity in FKB327, EU-Humira and US-Humira treated subjects
The differences among subjects in important demographic characteristics are accounted for in the ANCOVA model, so it is a more appropriate analysis than ANOVA for assessing pharmacokinetic similarity of the adalimumab formulations in this study. For assessing bioequivalence, both the EMA and FDA prefer ANOVA over ANCOVA unless the covariates selected for the model are predefined [20, 21] . However, biosimilarity need not be precluded provided that any differences are analysed and concluded not to be clinically meaningful. In this study, the pharmacokinetic differences can be explained by intersubject variability arising from demographic characteristics as well as ADA activity.
Humira is manufactured in several different facilities. EUand US-Humira have the same excipients, but it is conceivable that there might be subtle differences in manufacture that could account for minor differences in bioavailability. However, the quality profile of Humira is well controlled [22] . Several other biosimilars of Humira are in development, most of which have used Humira from the US and EU as reference materials [23] [24] [25] [26] . Pharmacokinetic data have now been published for several products, (e.g. [23, 26] ): the results confirm our finding of pharmacokinetic similarity between EUand US-Humira. In September 2016, the US Food and Drug Administration approved Amjevita, a biosimilar to Humira, for multiple inflammatory diseases [27] .
Although >60% of subjects in this trial reported at least one adverse event after treatment, most of the events were minor. Also, many of the events, such as headache, upper respiratory infection, and gastrointestinal disturbance, are common in untreated healthy people: a placebo treatment would be needed to judge whether their frequency in our subjects was higher than might have been expected. The prescribing information for Humira quotes the most common side effects as injection site reactions, respiratory tract infection, headache, abdominal pain, nausea and vomiting, rash and musculoskeletal pain, and most of those occurred in at least one subject in our study [4, 5] . There were no important differences among treatments as regards nature of adverse events, but there was some variation in incidence. Injection site haematoma occurred in more subjects after FKB327 (four subjects) than after either of the Humira treatments (one and two subjects). Skin rash was less common after FKB327 (one subject) than after the Humira treatments (two and three subjects), but for both injection site disorders and skin rash the incidence was too low to allow any conclusions to be drawn. FKB327 and Humira contain the same active ingredient, but they differ in their excipients, buffers and method of manufacture. Those differences might affect local tolerability, which is why we assessed pain at the injection site. Injection site pain score for FKB327 immediately after dosing was lower than that for both Humira products, whereas the reverse pattern was seen for irritation at the injection site. Although injection site pain score varied widely among subjects, and significance testing would be unjustified, it is possible that injection site pain differed between FKB327 and Humira as result of their excipients. The EU recently approved a new formulation of Humira, whose local tolerability had been improved by the removal of certain excipients [28] .
Overall, the side-effect profile of adalimumab in healthy subjects seems similar to that seen in patients with autoimmune disease: the only unexpected events were one occurrence of loss of consciousness, and one episode of psychosis, neither of which seems likely to have been related to adalimumab treatment.
As expected with any formulation of adalimumab, there were no clinically important trends in vital signs or ECG, and there were few laboratory values of potential clinical importance. Some subjects had decreased neutrophil count 5-8 days after dosing, and two subjects had transient increases in serum transaminases from 5 days after dosing. Although those changes could have been caused by adalimumab, they could equally have been due to other factors such as race and lifestyle.
ADA were detected in up to 10-25% of patients receiving Humira without methotrexate [5, 13] . In our study in healthy subjects, most treated subjects formed detectable ADA, with similar results in each treatment group. The difference between the present and previous studies is probably due to the high sensitivity of the assays we used in our study, although a true difference between healthy subjects and patients cannot be excluded and could be investigated further. We used a competitive ligand binding assay to detect neutralizing ADA. Ligand binding assays generally perform as well as do bioassays in the detection of antibodies, and, in some cases, may offer better sensitivity, lower variability, and less matrix interference [29] . However, competitive ligand binding assays have the limitation that circulating drug can cause false positive results. The validation study of our ligand-binding assay showed that drug concentrations of 1000 ng ml -1 , but not 500 ng ml -1 , in the samples could cause false positive results in the neutralizing ADA assay. In our clinical study, out of 118 neutralizing antibody positive samples at Day 65, only 13 had drug concentrations >500 ng ml -1 . Thus, most of the neutralizing antibody positive results at Day 65 are likely to be truly ADA positive. The prevalence of ADA to adalimumab varies with population and with analytical method. The highest reported prevalence of ADA is 87% (13 of 15 patients [30] ); in 11 of those 13 patients the drug was discontinued, suggesting that the ADA might have reduced or abolished the efficacy of adalimumab. Taking all the available information into account, we feel that the high prevalence of ADA in our study reflects mainly true ADA positive results of the ligand binding assay. It has also been reported that the pharmacokinetics of biosimilar products are affected by the presence of ADA [26] . Guidelines on biosimilar products state that a pharmacokinetic comparability study should evaluate similarity not only in terms of absorption and bioavailability, but also in terms of possible differences between products in their elimination characteristics [9] . Our data show a clear relationship between ADA titre and rate of adalimumab elimination. However, the prevalence of ADA positivity was similar among treatment groups. In particular, there was no clear difference in the distribution of ADA titre between FKB327 and Humira.
Overall, there was no difference in immunogenicity among the three treatment arms, and the proportion of negative, inconclusive and positive neutralizing ADA assay results was similar across treatments. In this study, high ADA titres were associated with a shorter t ½ and a lower AUC 0-∞ of adalimumab after each treatment. C max was unaffected by ADA titre, probably because after single doses, ADA do not appear until long after C max has been achieved. However, C max might well be reduced by ADA after the second and subsequent doses.
In conclusion, FKB327 was well tolerated by the healthy volunteers in this study, with a safety profile similar to that of Humira. The pharmacokinetics of FKB327 were similar to those of Humira from both the EU and US, and we judge the formulations to have similar pharmacokinetics. ADA accelerated the elimination of adalimumab from the body, but the prevalence of ADA and the elimination half-life of adalimumab were similar after the three drug formulations. To confirm biosimilarity, a study is now required to show that FKB327 has clinically similar safety, tolerability, immunogenicity and efficacy to Humira in patients.
Figure S1 Scatterplots of pharmacokinetic parameters vs. anti-drug antibody (ADA) activity presented by treatment group Table S1 Serum concentrations of adalimumab after a 40-mg dose for FKB327, EU-Humira and US-Humira Table S2 Treatment-emergent adverse events reported by <5% of subjects in any treatment group (system organ class and preferred term) Table S3 Summary of ANOVA of primary and secondary adalimumab pharmacokinetic parameters: ratio of geometric least squares means with 90% confidence intervals (CI)
